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Confining functional nanoparticles into colloidal imine-
based COF spheres by a sequential encapsulation-
crystallization method 
David Rodríguez-San-Miguel,†[a] Amirali Yazdi,†[b] Vincent Guillerm,[b] Javier Pérez-Carvajal,[b] 
Víctor Puntes,[b,c] Daniel Maspoch*[b,c] and Félix Zamora*[a,d,e] 
 
Abstract: Here we report a two-step method that enables imparting 
new functionalities to covalent-organic frameworks by nanoparticle 
confinement. The direct reaction between 1,3,5-tris(4-
aminophenyl)benzene and 1,3,5-benzenetricarbaldehyde in 
presence of a variety of metallic/metal oxide nanoparticles results in 
the nanoparticles being embedded in amorphous and non-porous 
imine-linked polymer organic spheres, NP@a-1. Post-treatment 
reactions of NP@a-1 with acetic acid under reflux lead to crystalline 
and porous imine-based COF hybrid spheres, NP@c-1. 
Interestingly, Au@c-1 and Pd@c-1 have been found to be 
catalytically active. 
The confinement of metallic and metal oxide nanoparticles (NPs) 
in porous materials is a fruitful strategy to develop composites in 
which the porous matrix acts both as a dispersive and protective 
media for the NPs while providing effective and selective 
accessibility to them. Thanks to these properties, this class of 
composites shows promises for myriad applications, including 
heterogeneous catalysis,[1] sensing,[2] gas storage,[3] 
plasmonics,[4] remediation,[5] batteries,[6] biocides,[7] magnetic 
refrigeration,[8] and controlled guest release.[9] To date, different 
porous materials have been explored for producing these 
composites, including activated carbon,[10] silica,[11] microporous 
zeolites,[12] porous organic polymers[13] and, more recently, 
metal-organic frameworks (MOFs).[14] Among the new porous 
materials available today, their covalent counterparts covalent-
organic frameworks (COFs) are also emerging as attractive 
candidates for the elaboration of these composites. As MOFs, 
COFs are attainable in various pore sizes and shapes, with large 
surface areas and tailored pore surfaces. Despite their 
challenging crystallization,[15] COFs show better thermal and 
chemical (e.g. aqueous, alkali and acidic) stability, which can be 
a crucial feature for certain applications,[16] such as in 
heterogeneous catalysis, remediation and biomedicine. 
Recently, NPs have begun to be incorporated in COFs by 
infiltration of the NP precursors and subsequent growth of the 
NPs inside the pores.[17] In MOFs, an alternative approach that 
has proved very productive for making a wide variety of MOF/NP 
composites is the encapsulation of pre-synthesized NPs into the 
MOF crystals.[18] This approach allows controlling the size, 
shape and composition of the NPs and therefore, their inherent 
properties.[14a] It also allows improving their dispersion and 
controlling the number and localization of these NPs inside the 
MOF crystals.[19] Thus far, however, no one has demonstrated 
yet the ability to apply this approach in COF particles. This is in 
part because of the incompatibility of the NP chemistry and that 
used to synthesize and crystallize COFs. 
Here, we report a two-step strategy that enables the 
encapsulation of several types of NPs into imine-based COF 
spheres (Scheme 1). The first step is based on the 
encapsulation of NPs into amorphous imine-based spheres 
under mild conditions. This process resembles the traditional 
encapsulation technologies widely used for the entrapment of 
species into colloidal amorphous purely organic or metal-organic 
polymer spheres.[20] 
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Scheme 1. Schematic representation of the two-step encapsulation-
crystallization process used to incorporate functional NPs into porous and 
crystalline COF spheres. 
 
Figure 1. a,b) Representative FESEM images of a-1 (a) and c-1 (b) spheres. Insets show the corresponding photography of an aqueous colloidal solution. c,d) 
TEM images of a-1 (c) and c-1 (d) spheres. e-h) Evolution of the roughness of the COF spheres at t = 0 h (e), 2 h (f), 24 h (g) and 168 h (h). i-l) Evolution of the 
crystallinity (i), porosity (j, k), and water sorption uptake (l) during the amorphous  crystalline transformation. In k, ABET (red), micropore volume (blue) and total 
pore volume (black). In l, water sorption isotherms of a-1 (pink), a-1 treated for 24 h (magenta), and c-1 (blue). 
The second step is based on the possibility to transform 
solid amorphous imine-like polymers to their crystalline COF 
analogues by exposing them to acidic conditions at 70 ºC. 
Initially reported by Dichtel et al.,[21] a variation of this method 
was recently used by Guo et al. to coat single  200-300 nm-in-
diameter iron oxide spheres with a layer of an imine-based COF 
for photothermal therapy.[17] Remarkably, in the present study 
we show that this second crystallization step preserves the initial 
colloidal property of the amorphous imine-based spheres and 
the dispersion, size, shape and properties of the embedded 
NPs. 
The design of our method began with the study of the 
formation of the amorphous imine-based polymer spheres and 
their subsequent transformation into their analogue porous COF 
spheres (see details in ref. [22]). To this end, two trigonal building 
blocks, 1,3,5-tris(4-aminophenyl)benzene and 1,3,5-
benzenetricarbaldehyde, were dissolved in an acetone/acetic 
acid mixture and stirred for 1 h at room temperature.[22] The 
resulting yellow suspension was centrifuged (18407 rcf) for 2 
min, and the collected solid was finally washed twice with 
acetone and tetrahydrofuran, and finally dried for 48 h at room 
temperature and for 24 h at 150 ºC under vacuum. Field-
emission scanning (FESEM) and transmission (TEM) electron 
microscopy images and X-ray powder diffraction (XRPD) studies 
revealed that this fast condensation reaction produced the 
kinetically favorable, amorphous spheres with diameter of ca. 
600 nm (hereafter called amorphous-1 or a-1; Figure 1a,c and 
i). The spectroscopic and analytical characterization of a-1 
agrees with those data already reported (Figures S1-S3).[22] 
The formation of the more thermodynamically stable long-
range ordered structure was then achieved under reversible 
bond formation conditions. For this, a-1 spheres were treated 
with acetic acid containing a controlled amount of water under 
reflux in a mixture of mesitylene/dioxane for 2, 12, 24, 48 and 
168 h. Then, each one of the synthesized solids was collected 
by centrifugation (2348 rcf), washed with toluene, and dried for 
48 h at room temperature and for 24 h at 150 ºC under vacuum. 
The spectroscopic and analytical characterization of c-1 does 
not show any significant change to that observed for its 
amorphous precursor a-1 (Figures S1-S4). The evolution of the 
amorphous  crystalline transformation was then followed by 
analyzing these solids by TEM, FESEM, XRPD, and gas and 
  
 
water sorption studies (Figure 1). TEM images showed 
submicrometric spheres (ca. 600 nm diameter) for all samples 
(Figure 1c-h), thereby confirming that this treatment retains the 
shape and size of the initial a-1 spheres. However, a closer look 
at the texture revealed a gradual increase in the roughness of 
the material for longer treatment times. XRPD clearly showed a 
gradual evolution of the crystallinity as a function of time (Figure 
1i), with the appearance of peaks that properly match those 
calculated for the expected eclipsed COF structure (rather than 
the staggered) (Figure S6).[23] Thus, we assumed that the 
increase in roughness detected during the transition from a-1 to 
the spheres treated for 168 h (hereafter called crystalline-1 or 
c-1) is due to the formation of crystalline domains based on COF 
nanolayers that are confined within the spheres (Figure 1a-f). 
This phenomenon was further confirmed by the calculation 
of the apparent Brunauer Emmet Teller (BET) area from N2 
sorption experiments performed at 77 K (Figures S7-12), 
showing a dramatic, gradual increase (Figure 1j,k) from non-
porous (ABET = 25 m2.g-1, Vt = 0.02 cm3.g-1) for a-1 up to highly 
porous for c-1 (ABET = 1120 m2.g-1, Vt = 0.61 cm3.g-1) after 168 h 
of treatment. The collected isotherms were found to be, 
according to IUPAC classification, type IV isotherm presenting 
H2 type hysteresis loop. This behavior, commonly attributed to 
the presence of some mesoporosity, is in the present case more 
likely due to some structural swelling -as sometimes observed in 
this type of materials[24] or a combination of both. 
In light of this porosity, we also investigated the CO2 sorption 
(Figure S13) and water vapor sorption (Figure 1l) properties of 
a-1 and c-1. As many amorphous polymers and despite its non-
accessibility to N2, a-1 was found to be slightly porous to CO2, 
with a total uptake (203 K, 760 Torr) of 3.9 mmol.g-1. As 
expected, c-1 material exhibited a much higher total uptake in 
similar conditions (14.3 mmol.g-1). The heats of adsorption (Qst) 
derived from the isotherms collected at various temperatures 
between 258 K and 298 K were found to be comprised between 
35 and 20 kJ.mol-1 for a-1 and between 25 and 19 kJ.mol-1 for c-
1 (Figures S14,S15). These values are in the expected range of 
energies for a material without specific group expected to 
interact with CO2. The higher Qst observed for the amorphous 
material can be attributed to a smaller pores size (a-1 is non-
porous to N2). 
Water vapor sorption isotherms showed that the amorphous 
 crystalline transformation induces a gradual transition from 
hydrophobic to hydrophilic behavior (Figure 1l). Water uptake of 
a-1 increased monotonically, achieving a total uptake of only 
0.04 gwater.gCOF-1. Interestingly, the development of porosity leads 
to an increase of the uptake up to 0.21 gwater.gCOF-1 and 0.37 
gwater.gCOF-1 after 24 h and 168 h of treatment, respectively. This 
behavior can be correlated with the gradual structural 
rearrangement from a-1 into c-1 upon treatment. The water 
isotherm of c-1 can be ascribed as type V, which is a typical 
behavior of porous materials with hydrophobic walls.[25] 
 
Figure 2. a) HAADF-STEM image of single Fe3O4@c-1 sphere. b) XRPD 
diagrams of Fe3O4@c-1 (pink), Au@c-1 (black) and Pd@c-1 (green) 
composites in comparison to the simulated for the calculated from the 
expected eclipsed c-1 structure (red). Stars highlight the presence of the 
characteristic peaks of the NPs. c) Visual observation of the magnetic nature 
of Fe3O4@c-1 spheres. d) N2 sorption isotherms of c-1 (blue) and Fe3O4@c-1 
spheres (red). 
Once we confirmed that the chemical treatment leading to 
the rearrangement of the amorphous, non-porous a-1 spheres 
into crystalline, highly porous c-1 spheres can take place, we 
envisioned the use of the two-step process to confine NPs into 
COFs. In this process, the fast formation of a-1 spheres should 
allow the encapsulation of NPs at room temperature. Then, 
because the NPs are encapsulated and protected, the 
amorphous  crystalline transformation at high temperatures 
should occur without compromising the properties of the NPs. 
To prove the efficiency of this strategy, we initially started 
with the encapsulation of Fe3O4 NPs (9.8 ± 3.9 nm). These NPs 
were synthesized using well-established methods, functionalized 
with polyvinylpyrrolidone (PVP) and dispersed in acetone.[26] 
These Fe3O4 NPs were incorporated into the acetone/acetic acid 
mixture of the two trigonal building blocks, and the two-step 
process was reproduced using the above-mentioned conditions. 
HAADF-STEM micrographs and XRPD studies of the solids 
collected after the first and second step showed the successful 
formation of Fe3O4@a-1 and Fe3O4@c-1 submicron spheres 
containing Fe3O4 NPs dispersed mostly in their center (Figure 
2a,b and Figure S16). The chemical composition of Fe3O4@c-1 
spheres determined by energy-dispersive X-ray (EDX) 
microanalysis revealed that every sphere contained iron, 
oxygen, nitrogen and carbon (Figure S18). The content of Fe in 
the composites was estimated by ICP-OES, from
  
 
 
Figure 3. HAADF-STEM images (first row: single sphere; second row: general view) of Pd@a-1 (a), Pd@c-1 (b), Au@a-1 (c), and Au@c-1 (d) composites. Third 
row shows the UV-vis evolution of 4-NP reduction using the corresponding composites as catalysts. Each spectrum was collected in intervals of 2 min. 
which a Fe3O4 NP content of 7.6 % w/w in the composite was 
determined. In addition, colloidal Fe3O4@c-1 spheres showed 
magnetic attraction when they were exposed to a magnet 
(Figure 2c). So, it can be concluded that NPs encapsulated 
within the COF spheres are the initial Fe3O4 NPs, and therefore, 
that the two-step process does not modify the properties of the 
embedded NPs. Also, the permanent porosity of Fe3O4@c-1 
spheres was evaluated by N2 sorption at 77 K. As expected, the 
sample was found to be porous, with an apparent BET area 
lower than the c-1 spheres (Figure 2d, ABET = 880 m2.g-1, Vt = 
0.38 cm3.g-1). 
We then extended the use of this process to the 
encapsulation of other types of NPs. Using the same strategy, c-
1 spheres containing Au (9.0 ± 2.4 nm) and Pd (3.3 ± 1.1 nm) 
NPs were prepared (Figure 3). As shown by XRPD 
measurements, both composites exhibited the characteristic 
peaks of c-1 as well as the diffraction peaks associated to the 
NPs (Figure 2b). Moreover, EDX microanalysis confirmed the 
presence of Au and Pd in the Au@c-1 and Pd@c-1 composites, 
respectively (Figures S20 and S22). 
This type of metallic NP/COF composites should be very 
useful for heterogeneous catalysis. However, for this to be a 
reality, the porous COF matrix should allow the accessibility of 
molecules to the embedded NPs. As a proof-of-concept, we 
studied this accessibility using both Au@c-1 and Pd@c-1 
composites for the catalytic reduction of 4-nitrophenol (4-NP) 
into 4-aminophenol (4-AP) in the presence of NaBH4 as a 
reducing agent. The catalytic reactions were conducted by 
mixing two aqueous solutions of NaBH4 and 4-NP with an 
aqueous dispersion of Pd@c-1 (Pd: 1.1 % w/w) or Au@c-1 (Au: 
3.5 % w/w), and followed by UV−vis spectroscopy (Figure 3). As 
control experiments, we also reproduced the same reaction 
using c-1 (without NPs) and amorphous Au@a-1 and Pd@a-1 
hybrids as catalyst. In these latter cases, none of them showed 
catalytic activity (Figure 3 and Figure S24). For the Au@c-1 and 
Pd@c-1 hybrids, however, their catalytic activity was confirmed 
by the reduction of the peak at 400 nm, as well as the 
appearance of a new peak at 305 nm, corresponding to 4-AP 
(Figure 3). 4-NP was fully reduced into 4-AP after 10 min for 
Au@c-1 and 14 min for Pd@c-1. These results are comparable 
to previously reported reductions of 4-NP by NP/MOF (mainly, 
ZIF-8 and UiO-66) hybrids but slightly less active than a 
Au@carbon yolk shell nanocomposite,[27] and confirm the 
accessibility of molecules to the embedded NPs. 
In summary, we have demonstrated an efficient and simple 
two-step procedure to encapsulate several types of NPs into 
porous and crystalline imine-based COF spheres. This strategy 
could be extended to a broad range of NPs and mixtures of 
them, and also to encapsulate molecular species. As a proof-of-
concept we have also shown the ability of Au@c-1 and Pd@c-1 
  
 
hybrids to produce the catalytic reduction of 4-nitrophenol into 4-
aminophenol, which confirms the diffusion of reactants and 
products through the COF spheres to the embedded metallic 
NPs. This last result suggests potential applications in selective 
catalysis, remediation and molecular delivery. 
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